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Absfracf-The high-harmonic gyro-traveling wave tube (gyro-TWT) 
is a high-power ( 2 1 kW) millimeter wave amplifier based on the syn- 
chronous interaction of a beam of lafge-orbit axis-encircling electrons 
with a high-order cylindrical waveguide mode. Since the interaction 
occurs at a high harmonic of the cyclotron frequency, the intense mag- 
netic fields required for the conventional fundamental-mode gyro-TWT 
are not required. A proof-of-principle experiment designed to dem- 
onstrate the interaction of a 150-mA 350-keV electron beam with the 
TE8, mode of a cylindrical waveguide is described. Principal results 
include a small signal gain of 10 dB, an interaction bandwidth of 4.3 
percent, and a saturated power transfer from electron beam to wave 
of 0.5 kW. Additional measurements include the dependence of gain 
on electron beam current and the measurement of the beam’s y, PI, 
PI,, and A PIl. Sufficient agreement between the experimental results, 
simulation codes, and an analytic description of the interaction is dem- 
onstrated to permit the design of high-performance millimeter wave 
amplifiers. 
I. INTRODUCTION 
HERE IS currently considerable interest in the devel- T opment of high-power millimeter wave amplifiers. 
Proposed applications for these amplifiers include high 
resolution and imaging radar, high information density 
communications, nondestructive testing of dielectric ma- 
terials, and RF sources for the next generation of particle 
accelerators and fusion experiments. Conventional elec- 
tron tubes require electron beams and electromagnetic 
structures whose characteristic dimensions are small com- 
pared to the wavelength of the radiation. As a result, the 
output power of conventional tubes falls as the inverse 
square of the operating frequency [ 11. 
The fundamental cyclotron frequency gyro-traveling 
wave tube, or gyro-TWT, utilizes an interaction region 
whose dimensions are large compared to a wavelength. 
Thus high-output power levels may be obtained in the 
millimeter wave band. In this tube, a cloud of small-orbit 
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nonaxis-encircling electrons interacts synchronously with 
a TE waveguide mode. Many authors have developed an- 
alytical theory and computerized simulation codes to de- 
scribe these amplifiers [2]-[ 181. In addition, several ex- 
perimental devices have been built. These include a 120- 
kW 5-GHz tube with a small signal gain of 24 dB [ 191, a 
3.2-kW 35-GHz tube with a small signal gain of 52 dB 
[20], and a 20-kW, 94-GHz tube with a small signal gain 
of 30 dB [21]. 
The primary disadvantage of these devices is a direct 
result of the synchronism relation 
where f is the operating frequency of the device, e is the 
electron’s charge, B is the magnetic field, y is the relativ- 
istic Lorentz factor, y = ( 1  - v ~ / c ~ ) - ’ / ~ ,  and m ,  is the 
rest mass of an electron. The magnetic field required for 
operation is proportional to the operating frequency, and 
one finds that intense fields ( 1-12 T )  are required for mil- 
limeter wave tubes. These fields can be provided by su- 
perconducting magnets, pulsed solenoids, and Bitter mag- 
nets; however, many of the proposed applications for 
these amplifiers would have difficulty tolerating the 
weight, size, fragility, or cost of these magnet systems. 
An alternative configuration which allows for millime- 
ter wave operation in reduced magnetic fields is the large- 
orbit high-harmonic gyro-TWT. This device shares many 
of the advantages of the conventional gyro-TWT; how- 
ever, the magnetic field requirements for millimeter wave 
operation are only 0.1-2.0 T. In many cases, these fields 
may be obtained using compact permanent magnets, al- 
lowing for an extremely small, lightweight, and portable 
system. 
Early work in the application of the high-harmonic in- 
teraction was undertaken in the 1960’s and 1970’s [22], 
[23]. Experimental results on high-harmonic gyrotron os- 
cillators have included the operation of an eleventh-har- 
monic 84-GHz tube with an output power of 6 W [22], a 
third-harmonic 1.5-kW 26-GHz tube with a conversion 
efficiency of 15 percent [24], and an eleventh-harmonic 
26-GHz tube with an output power of 1.5 kW [25]. This 
work has recently been extended to high-harmonic gyro- 
klystron amplifiers with experimental results indicating a 
0093-3813/90/0600-0313$01 .OO @ 1990 IEEE 
3 I4 IEEE TRANSACTIONS ON PLASMA SCIENCE. VOL I X .  NO 3. JUNE I990 
small gain of 45 dB and an output power of 0.6 kW in a 
fifth-harmonic four-cavity device operating at 1 1.3 GHz 
1261. 
11. PRINCIPLES OF OPERATION 
The high-harmonic gyro-TWT [27] is a device which 
combines the operating principles of the linear beam TWT 
with those of the high-harmonic gyrotron gyrotron to form 
a broadband amplifier that does not require small-diame- 
ter electron beams or intricate machining procedures. A 
schematic of the high-harmonic gyro-TWT is shown in 
Fig. 1.  An axis-encircling large-orbit electron beam of 
random phase and uniform velocity enters an interaction 
region which consists of a smooth-walled cylindrical 
waveguide. The input signal is introduced into the wave- 
guide in the form of a TE,,, mode. The azimuthal electric 
field of this mode modulates the perpendicular velocity of 
the electrons when approximate synchronism between the 
wave and the electron beam is maintained. Because of the 
relativistic dependence of the cyclotron frequency, those 
electrons which gain energy slip back in phase, while 
those electrons which lose energy move ahead in phase. 
As the electrons travel through the waveguide, this phase 
slippage gives rise to spatial bunching of the electrons. 
The electrons are in  resonance with the wave when 
w - k l l q  - nQ2, = 0 ( 2 )  
where kll is the axial wavevector and zlll is the electron’s 
axial velocity. In the absence of the electron beam, the 
dispersion relationship of the waveguide mode is 
w 2  - kic2  - U:,, = 0 ( 3 )  
where w,,, = qnr c / r , , .  is the TE,,, mode’s cutoff frequency, 
r,,. is the waveguide’s radius, q,,, is the ith zero of JA ( y ) ,  
and JA is the derivative of the Bessel function of the first 
kind of order n. Broadband amplification occurs when the 
cyclotron resonance line is tangent to the waveguide’s 
dispersion curve or, equivalently, when the electron’s ax- 
ial velocity equals the wave’s group velocity. This con- 
dition is met if 
n Q c / ~ , , , ,  = Yi‘ ( 4 )  
where y 1, = [ 1 - Pf] - ’ /2  and PI, = q / c .  The strongest 
growing frequency is then expected to satisfy 
w/w,,,, = YII. ( 5 )  
Historically, several methods have been used to ana- 
lyze the coupling between the beam and waveguide 
modes. The earliest work on the cyclotron maser insta- 
bility involved a quantum mechanical interpretation 1281, 
1291. In these studies, the energy states for the orbiting 
electrons were calculated and then an expression for the 
transition probability was used to find the power flow from 
beam to wave. A kinetic treatment of the interaction, 
based on the linearized Vlasov equation, has also been 
used 1301, 1311. However, an interpretation which pro- 
vides significant physical insight is the macroscopic fluid 
model presented by Lau [ 1 11. 
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Fig. I .  Schematic diagram of a high harmonic gyro-TWT 
In Lau’s model, an infinitesimally thin shell of mono- 
energetic axis-encircling electrons interacts with a cylin- 
drical waveguide TErII mode. The dispersion relation for 
the interaction is found to be 
( w  - nQ, .  - k~lz~l )2(u~, , .  - k f c 2 )  
( 6 )  
wherep, = v,/candZ,., = 4ac,pliyrn,c’/e = Pllyl7kA 
is the Alven current. 
The spatial growth rate of the wave may be obtained by 
solving (6) for the imaginary part of kll. Since this equa- 
tion is fourth-order in  k,,,  complex solutions can be ob- 
tained numerically using a computer program. The oper- 
ation of a gy,ro-TWT is complicated by the existence of a 
launching loss. This launching loss occurs because all of 
the input power does not couple to the desired mode. By 
adopting the formalism of Pierce, Caplan has derived a 
general expression for the initial amplitude of the growing 
wave in a gyro-TWT 1321: 
where the three 6,, are the imaginary parts of the three 
forward-wave wavevectors which are solutions to (6). E ,  
and 6 ,  correspond to the growing wave. Equations (7) may 
be used to calculate the launching loss for arbitrary elec- 
tron beam parameters. 
111. DESCRIPTION F THE SIMULATION CODE 
The computer code used to study the high-harmonic 
gyro-TWT was originally written by Ganguly and Ahn 
[ 131 to analyze a rectangular waveguide gyro-TWT op- 
erating at the fundamental cyclotron frequency. The code 
was modified to allow the study of a high-harmonic gyro- 
TWT interacting with high-order azimuthal TE cylindri- 
cal waveguide modes. The modified code could treat any 
transverse azimuthal or radial mode. In solving the par- 
ticle/field interaction, the code assumed that the beam 
electrons follow test-particle orbits in the combined dc 
magnetic and RF fields. Particle orbits were solved by 
using the fully relativistic equations of motion. Equations 
for the guiding center position and phase angle, along with 
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the transverse and longitudinal momentum, were used. 
The current generated by the electron beam was then used 
as a time-dependent source term in the RF field equations. 
In solving for the RF field, the transverse profile was as- 
sumed to be described by a cold-cavity cylindrical wave- 
guide mode. The variation of the RF field amplitude and 
phase was calculated from Maxwell’s equations after time- 
averaging over the RF field period and spatial-averaging 
over the waveguide cross section. This self-consistent 
system of equations for the particles and RF field was 
solved numerically, with the power gain being computed 
as the change in the time-averaged RF power obtained by 
integrating the longitudinal component of the Poynting 
vector over the waveguide cross section. 
IV. THE RF ACCELERATOR 
Equation (6) indicates that the coupling between 
the electrons and the wave is proportional to 
[PI JL(qnir, / a ) I2 ,  which can be shown to approximately 
equal [ 0, JA ( nol )I2. It is therefore apparent that opti- 
mum interaction calls for very energetic electrons. Sev- 
eral methods for the production of high$, axis-encircling 
electron beams are now under study at various laborato- 
ries. For the experiments described herein, gyroresonant 
RF acceleration was chosen. 
In our gyroresonant RF accelerator, a low-energy pen- 
cil-like electron beam is passed through a cylindrical cav- 
ity resonator which supports a large amplitude T E l l l  cir- 
cularly polarized mode. The electrons gain energy from 
the electric field of the mode and spiral outward under the 
influence of a longitudinal magnetic field to form a hol- 
low, cylindrical, rotating helix whose thickness is roughly 
the original diameter of the input beam. 
This method of beam acceleration [33]-[36] has been 
shown to be a simple and efficient means of producing 
electron beams which are appropriate for high-harmonic 
gyro-tubes [24]. Experimental results have included the 
acceleration of 200-mA electron beams to 500 keV and 
peak efficiencies of up to 55 % . The fact that gyroresonant 
RF acceleration does not require high dc voltages is an 
added benefit which complements the overall aims of the 
high-harmonic gyro-tube concept. 
V. EXPERIMENTAL CONFIGURATION 
The interaction waveguide consisted of a 1 .O-m length 
of 2.94-cm-radius cylindrical aluminum waveguide. The 
design frequency of 16.2 GHz for the desired eighth-har- 
monic amplifier was chosen using the analytic model of 
the interaction and also the acceleration characteristics. 
The desired TE8, mode was introduced using the “azi- 
muthal phase velocity coupler” shown in Fig. 2. In this 
coupler, a rectangular waveguide is wrapped around the 
cylindrical waveguide, whose radius is such that the 
wavelength in the rectangular waveguide is equal to the 
circumference of the rectangular guide midplane divided 
by n.  Coupling is established using apertures in the shared 
wall. 
315 
Fig. 2 .  TE,,, rectangular to TE,, cylindrical waveguide coupling geometry 
using the azimuthal phase velocity coupler. 
A second identical coupler was used to extract the am- 
plified wave. Cold tests indicated that the couplers 
launched a circularly polarized wave, with a reflection 
coefficient of 0.15 at each coupler. Since the expected gain 
of the device was low, the value of the transmission coef- 
ficient was not critical. A reflection of 0.15 at the couplers 
does not induce oscillation unless the gain exceeds 16.5 
dB. Since the expected gain was approximately 10 dB, the 
quality of coupler achieved was deemed to be adequate. 
The gyro-TWT was placed in a vacuum chamber within 
the bore of a laboratory solenoid. The field was tapered 
by 15% between the accelerator and the gyro-TWT to in- 
crease the axial velocity of the electrons, which lowers 
the sensitivity of the device to spatial ripple in the mag- 
netic field profile. A peak-to-peak spatial ripple of 1.8% 
was measured within the interaction region. This ripple 
was caused by the solenoid actually being comprised of 
discrete pancake magnets. 
The RF diagnostics consist of calibrated crystal detec- 
tors and attenuators for the measurement of input and out- 
put power, and a heterodyne receiver for the measurement 
of the output signal’s frequency. The electron beam cur- 
rent was measured using a current collector and current 
transformers. After propagating through the gyro-TWT, 
the beam passed into either a uranium glass fluorescent 
witness plate for the determination of the electrons’ Lar- 
mor radius, or the geometric pitch analyzer shown in Fig. 
3 to determine the axial velocity. The first plate incorpo- 
rated a wedge-shaped radial slit which permitted a frac- 
tion of the electron beam to pass. This portion of the beam 
continued along its helical path until it encountered a sec- 
ond identical aperture plate, followed by a current collec- 
tor. If the distance between the plates corresponded to an 
integral number of complete electron orbits, then the elec- 
trons were collected by the collector. By translating ap- 
erture plate 1 with respect to aperture plate 2 and observ- 
ing the distances between the plates at which the current 
collected by the collector is maximized, the pitch of the 
helix could be determined. This information, together 
with the magnetic field strength and the electrons’ Larmor 
radius, yields vII . A vII may be obtained if one deconvolves 
the width of the maxima from the width of the radial slit 
using a Fourier integral. This use of apertures to deter- 
mine beam properties is similar in principle to one used 
previously by Barnett [37] and, more recently, by Mc- 
Ado0 et al. [38]. 
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Fig. 3. Schematic representation of geometric beam analyzer for deter- 
mination of electron parallel velocity. 
VI. EXPERIMENTAL RESULTS 
The dependence of the observed small signal gain on 
frequency for three operating points is shown in Fig. 4.  
The measured electron beam parameters for these oper- 
ating points are summarized in Table I. The magnetic field 
represents the average magnetic field strength within the 
interaction region. The bandwidth in Fig. 4(a) is 4 .3  per- 
cent. Optimum amplification occurred for a value of n a, 
slightly smaller than that required for grazing incidence 
of the cyclotron and waveguide modes. A center fre- 
quency of 16.25 GHz corresponds to W / O , , , ~  = 1.036 f 
0.3%, whereas from ( 5 )  the tangent intersection, and thus 
peak gain, should occur for W / W , , ~ ~  with 1.059 f 1 %. 
The peak gain in Fig. 4(c) is 10.4 dB. When the mag- 
netic field was lowered past this point, sporadic oscilla- 
tions with a peak amplitude of approximately 50 W and a 
frequency of approximately 15.8 GHz were observed. The 
reflection coefficient for each coupler was approximately 
0.2 at this frequency. As a result, gain values as low as 
14 dB may have led to oscillations caused by external 
feedback. Alternatively, the oscillations may have been 
due to an absolute instability. 
Fig. 4 also shows the predicted gain for the experimen- 
tal parameters using the analytic dispersion relationship 
for the interaction (6) and subtracting the theoretical 
launching loss found using (7). The predicted peak gain 
including launching loss was 16 dB, or 5.6 dB higher than 
the observed peak gain. It is believed that this discrepancy 
was caused by the spatial ripple of the magnetic field in  
the interaction region and by the existence of axial veloc- 
ity spread in the electron beam. 
Fig. 4(b) and (c) also indicates an extremely interesting 
phenomenon. For certain values of frequency, net absorp- 
tion of the wave energy was observed. One explanation 
for the net absorption of wave energy by the electron beam 
relates to the launching loss. In the initial portion of the 
interaction region, some of the input wave energy serves 
to bunch the electron beam. If the gain of the interaction 
for a particular operating point is sufficiently low, then a 
large distance is required before positive net gain results. 
In the operation described in the preceding, the interac- 
tion may have been terminated before net positive gain 
could be achieved. 
24 16 E B = 1.115 kG 
-16 'I 
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f, GHz 
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Fig. 4 .  Gain a5 function of frequency for operating points corresponding 
to the following: (a) B = 0.11 15 T;  (b) B = 0.11 1 1  T; and (c) B = 
0.1107 T. Experimental data (circles) are compared to analytic theory 
(solid line). Experimental uncertainty is 1 dB. 
TABLE 1 
ELECTRON BEAM PARMETERS FOR T H E  OPERATION SHOWN I N
FIG. 4 
I ,  mA 152.0 152.0 152.0 
B. T 0.1115 0.1111 0. I107 
0, 0.73 0.73 0.73 
P'l 0.33 0.32 0.32 
Y I .68 1.67 1.66 
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A second explanation for the observed data is based on 
the presence of velocity spread in the electron beam. Al- 
though electrons with low uI1 have a positive mismatch 
(Am = w - kll  ulI - nQ2,. > 0 )  with the wave, and yield 
net energy transfer to the wave, there may be more elec- 
trons that have a negative mismatch with the wave (Aw 
< 0), and hence absorb the wave energy. The overall 
energy transfer may therefore be from the wave to the 
electrons. This is most likely to occur when the beam line 
is above the waveguide line. In the experiments, net ab- 
sorption of the wave energy appears to have occurred for 
this situation for the portion of the spectrum where the 
beam line is above the waveguide line. (Though the mag- 
netic field in Fig. 4(b) is larger than in Fig. 4(c) and 
smaller than in Fig. 4(a), Qc in Fig. 4(b) is actually smaller 
than in Fig. 4(c) and larger than in Fig. 4(a). This is due 
to a property of the gyroresonant RF accelerator [36]. The 
accelerator’s output y increases faster than the magnetic 
field over most of the accelerator’s magnetic field win- 
dow .) Since this absorption effect involves the distribu- 
tion function of the electrons, it is not included in the fluid 
description of the interaction. The quantitative analysis of 
this situation requires a kinetic treatment, and is currently 
being considered by other investigators in the field. 
In Fig. 5 ,  the experimental data for the parameters in- 
dicated in Table I(a) are plotted together with the predic- 
tions of the simulation codes for velocity spreads of 0, 3, 
and 5 %. The solution indicates that the higher frequency 
waves (larger kll ) are damped by the beam’s spread in 
axial velocity. The axial velocity spread as determined 
through Fourier deconvolution of the data collected by the 
geometric pitch analyzer and shown in Fig. 6 was 3.5 f 
2 percent. The agreement between the experimental and 
simulation results is quite good. 
The observed gain is plotted as a function of electron 
beam current in Fig. 7. Fig. 7 also shows the net analyt- 
ical small-signal gain, found by subtracting the launching 
loss from the gain given by (6), and the results from nu- 
merical simulation of beams with velocity spreads of 0, 
3 ,  and 5%.  The analytical theory is verified by the cold- 
beam simulation to within 2 dB, and the simulation with 
a 3% spread fits the observed data to within 3 dB. 
Spurious output signals were observed as the beam pa- 
rameters were varied slightly from optimum. The ob- 
served frequencies together with their possible source are 
summarized in Table 11. 
The output signal at 17.4 GHz is of specific interest 
since it appears to be related to the TExl interaction. The 
presence of oscillation at this frequency is not surprising 
when one considers that the bandwidth of the interaction 
for strong beam to wave coupling extends above the pass- 
band of the TElo rectangular to TExl circular waveguide 
couplers. At 17.4 GHz, the transmission of each coupler 
was 0.5. Thus only 6 dB of gain was required at this fre- 
quency to induce oscillations. 
It is surprising that strong oscillations at frequencies 
corresponding to the n = 9 and n = 11 modes were not 
observed. If parameters are chosen so that gyro-TWT op- 
1.00 1.03 1.06 1.09 1.12 
16.0 16.4 16.8 17.2 
1 I I 1 
f, GHz 
Fig. 5 .  Dependence of observed small-signal gain (circles) on frequency 
is compared to analytic theory (solid line) and simulation (dashed lines) 
for velocity spreads of 0. 3. and 5 percent. Experimental uncertainty is 
+ 1 dB. 
0 2 4 6 8 1 0 1 2 1 4  
A2, cm 
Fig. 6.  Dependence of collected current on distance between two aperture 
plates. Experimental uncertainty is 10 percent 
= 0.33 
0- 
0 40 80 120 160 
I, mA 
= O %  
Fig. 7 .  Dependence of observed small-signal gain (cin s) on e ctron 
beam current is compared to analytical theory (solid line) and simulation 
(dashed lines) for velocity spreads of 0, 3 ,  and 5 percent. Experimental 
uncertainty is f 1 dB. 
eration occurs for a given harmonic, then excitation of 
gyro-BWO modes would be expected at higher harmon- 
ics. Several factors may have contributed to this situation. 
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TABLE I1 
SPURIOUS EMISSION OF T H E  HIGH HARMONIC GYRO-TWT 
Approximate 
f .  GHz Power, W Probable Source 
14.1 10.0 TE,, oscillation; 5 w,,, 
14.3 2.5 TE,, oscillation 
17.4 5.5 TE,, oscillation 
17.8 1.2 TE,, oscillation 
19.4 0 .2  TE,,,, I oscillation 
19.9 140.0 TE,,,, I oscillation; 7 w,,, 
First, the interaction strength decreases for increasing 
mode number. This may explain why oscillations were 
not observed for mode numbers higher than 10. Oscilla- 
tions at the n = 10 mode may have been favored over 
oscillations at the n = 9 mode because the observed fre- 
quency of 19.9 GHz corresponds to the seventh harmonic 
of the accelerator RF drive frequency. The accelerator acts 
to prebunch the electrons at the accelerator drive fre- 
quency; thus the beam is partially bunched at harmonics 
of this frequency. It has been shown that this prebunching 
action can significantly enhance a gyro-interaction [39]. 
A rough estimate of the maximum possible efficiency is 
given by the change of y by which the electrons advance 
in the wave by lSO", which can be written as 
= = [ n Q , . ( A r / r )  + k l l A 4 7  ( 8 )  
where 7 is the effective duration of the interaction-in this 
case, the temporal growth rate. It can be shown that the 
efficiency is then given by 
where kj  is the spatial growth rate. For our parameters, 
the predicted maximum efficiency is 3 .5%, whereas sim- 
ulation of a cold beam yields a peak efficiency of 2 .2%. 
The saturation characteristics of the amplifier are shown 
in Fig. 8. The dependence of the observed output power 
and implied conversion efficiency on the input power are 
shown together with simulation results for velocity spreads 
on 0, 3, and 5 %. The maximum power transferred from 
the electron beam to the wave was 5 10 W, corresponding 
to an efficiency of 1.35 % . The observed results agree well 
with the simulation results for a beam with a velocity 
spread of 3 percent, which predicts a power transfer of 
470 W at an efficiency of 1.25 % . 
VII. DISCUSSION 
The most significant limitation on observed perfor- 
mance was the onset of oscillations caused by reflections 
at the TElo rectangular to TEsl circular couplers. Consid- 
erable work can be done to optimize these adaptors from 
the standpoint of VSWR, bandwidth, and power han- 
dling. In addition, an electromagnetic sever may be in- 
corporated within the interaction waveguide to reduce the 
sensitivity of the amplifier to reflections both from these 
10 
PI, = 0.32 
1 B = 1.115 kG 
5 %  s 3 loo 
c1 
3 
po 10 
4 
F 
0.1 1 -  
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0.1 1 4 10 100 1000 10,000 
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Fig. 8. Dependence of observed output power (filled circles) and effi- 
ciency (open circles) on input power is compared to simulation of effi- 
ciency for velocity spreads of 0. 3, and 5 percent. Experimental uncer- 
tainty of output power is 10 percent. 
couplers and from external loads. A gyro-TWT which in- 
corporates these improvements could operate at higher 
electron beam currents, allowing for higher gain and 
higher output powers. 
In these experiments, spurious oscillations at other har- 
monics were not a significant problem. However, it was 
observed that for sufficiently high electron beam currents, 
higher-order waveguide modes will always appear unless 
steps are taken to prevent this growth. 
The potential of a higher frequency, scaled device is of 
tremendous interest. This proof-of-principle experiment 
was designed to demonstrate the basic operation of the 
high-harmonic gyro-TWT, and was not intended to be an 
optimized device. It is clear from the previous discussion 
that work must be done before one can construct an am- 
plifier which exhibits high performance. However, opti- 
mization could result in a wideband amplifier which op- 
erates in the millimeter wave at very conservative 
magnetic field strengths. A 94-GHz tube, for example, 
operating at the eight cyclotron harmonic with a y = 1.6 
electron beam would require only 0.7 T of magnetic field. 
The RF accelerator for this amplifier would operate at 16 
GHz. The increased ohmic losses which one encounters 
at higher frequency are not a problem in the case of the 
gyro-TWT. In fact, it has been shown that wall loss can 
be beneficial, in that it may help to stabilize the amplifier 
by damping the backward wave [SI, [6]. By improving 
the beam-to-wave coupling by increasing the electron- 
beam current to 1 A and energy to 500 keV, an output 
power of 30 kW with 6-percent efficiency and a gain of 3 
dB/cm should be feasible as predicted by theory in (6) 
and (9). The efficiency can be enhanced by tapering the 
magnetic field so that electrons remain in resonance as 
they lose energy [ 191. Still higher efficiencies would be 
obtained through the use of beam-energy recovery tech- 
niques. 
In summary, the high-harmonic interaction has been 
applied to a gyro-TWT amplifier. The goal of this work 
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was not to produce an optimized high-gain device. Rather, 
the intention was to develop an understanding of the in- 
teraction picture and to demonstrate the viability of the 
high-harmonic gyro-TWT amplifier. Significant agree- 
ment between the experimental results and the predictions 
of analytic theory and simulation was obtained. This 
knowledge now permits the design of high-performance 
millimeter-wave amplifiers based on the high-harmonic 
gyro-interaction. 
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